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EXTENDED  ABSTRACT 


The  main  purpose  of  this  research  was  to  examine  physical  mechanisms  of  spall  fracture  for  Ti- 
6AI-4V  alloy  on  the  incipient  level  and  to  identify  the  main  stages  of  spalling  in  the  meso-scale. 
A  plate-impact  experiment  and  microscopy  observations  (SEM  and  optical)  were  applied  to  study 
material  separation  in  the  meso-level,  that  is  from  ~5.0  pm  to  -100  pm. 

In  plate  impact  experiments  the  lowest  impact  velocity  was  searched  as  a  function  of  the  pulse 
duration  in  order  to  determine  when  the  incipient  spaU  occurs.  Application  of  the  acoustic 
approximation  permitted  determination  of  the  critical  normal  stress  for  different  pulse  duration. 
Since  the  minimum  stress  of  spalling  is  searched  for,  the  acoustic  approximation  yields  a  good 
approximation  of  the  critical  failure  stress.  This  is  due  the  fact  that  plastic  deformation  (if  exists) 
during  passage  of  the  incident  compression  wave  is  negligible. 

During  the  contract  period  the  spall  testing  of  Ti-6A1-4V  has  been  completed.  The  series  of 
tests  (total  1 1  tests)  at  different  impact  velocities  (from  290  m/s  to  460  m/s)  have  been  performed 
and  the  level  of  the  normal  stress  op  for  the  incipient  spall  as  a  function  of  the  incident  pulse 
duration  tc  has  been  determined.  Such  analysis  has  yielded  the  preliminary  data  in  the  form  of 
the  critical  tensile  stress  versus  the  pulse  duration,  aF(tc).  The  Scanning  Electron  Microscopy 
(SEM)  observation  of  the  spalled  surfaces  was  performed  showing  micro-dimples.  Optical 
microscopy  observation  of  the  specimen  cross-sections  demonstrated  presence  on  the  meso-scale 
a  combination  of  micro-cracks  and  adiabatic  shearing.  Those  observations  are  very  helpful  to 
identify  the  physical  mechanism  of  fracture  development.  The  relief  of  the  material  separation 
leads  to  a  new  failure  criterion  on  the  meso-scale  [1,2],  The  quantitative  statistical  analysis  of  the 
pictures  needs  more  time  and  is  in  progress.  A  new  model  of  spalling  based  on  two  meso- 
raechanisms  of  material  separation  has  recently  been  developed  and  verified  for  martensitic 
armor  steel  and  hard  aluminum  alloy,  [1,2],  it  confirms  all  findings  by  experiment. 

In  order  to  gain  more  deep  insight  on  the  material  behavior  during  spalling  the  initial 
microstmcture  of  the  Ti-6A1-4V  alloy  has  been  examined  by  microscopy  observation,  including 
chemical  treatment  of  the  surfaces.  The  hterature  survey  on  high  strain  rate  behavior  and  spalling 
of  Ti-6A1-4V  alloy  is  included  in  this  Report. 


Keywords: 


Spall  fracture,  Ti-6A1-4V  alloy,  Spall  criteria,  SEM  observations. 
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appeared  that  the  critical  plastic  shear  strain  at  failure  for  Ti-6A1-4V  is  substantially  larger  than 
for  VAR  4340  steel  with  hardness  level  about  50  HRC,  [8,9,14,15],  This  finding  to  some  extent 
supports  the  result  why  this  Ti  alloy  is  resistant  to  perforation  at  high  impact  velocities  [16-19], 
Although  a  number  of  ASB’s  are  triggered  rapidly  they  stay  non-separated  for  relatively  long 
time.  Such  behavior  is  in  opposite  to  VAR  4340  steel  or  another  armor  steels. 

The  open  literature  on  the  effect  of  the  nominal  velocities  of  shearing,  or  impact  velocities, 
indicates  that  the  places  where  the  critical  conditions  for  the  onset  and  evolution  of  catastrophic 
tiiermoplastic  shear  are  reached,  with  or  without  phase  transformation,  act  as  the  sites  of  fracture 
initiation  in  Mode  II,  [20,21],  This  is  the  case  partly  observed  in  spalling  in  armor  steels,  [2],  This 
new  observation,  combination  of  Griffith  cracks  and  adiabatic  shear  bands,  constitutes  a  base  for 
further  studies  of  spatting  in  the  meso-level  for  hard  Ti  alloys. 

The  already  proposed  global  failure  criterion  for  spatting  based  on  the  Markov  statistics  and 
thermal  activation  analysis  [22]  has  given  very  good  results  when  apphed  to  numerical 
calculations  of  spalling  in  hard  alumimun  alloys  [23],  The  criterion,  discussed  later  in  this 
Report,  has  proven  its  usefulness  in  numerical  calculations  of  spall  in  armor  steels  in  GIAT 
industiy. 

On  the  oth^r  hand  the  US  Army  Research  Laboratory  (ARL)  has  recently  analyzed  the  balUstic 
performance  of  Ti-6A1-4V  titanium  alloy  against  modem  penetrators  of  different  aspect  ratios 
(L/D)  and  compared  the  results  witii  rolled  homogeneous  armor  (RHA)  steel,  [16-19],  The 
um<jue  properties  of  titamum  alloys,  i.e.  low  density,  umform  hardness  and  high  strength  over  the 
tfiickness  range  have  demonstrated  ballistic  performance  improvements  of  up  to  60%  on  a  mass 
basis  at  ordnance  velocities  as  compared  to  reference  RHA.  While  titanium  alloys  had  been 
known  to  provide  increased  protection  against  small  arms,  tihe  protection  provided  against 
modem  higher  aspect  ratio  penetrators  was  impressive.  Currently,  a  major  research  effect  is  to 
develop  low  cost  ballistic  titanium  alloys.  This  cost  reduction  can  be  achieved  by  reducing  the 
existing  specifications  on  oxygen  content,  primarily  by  increasing  the  scrap  content  in  the  initial 
Ti-6A1-4V  ingots.  The  ARL  has  balhstically  tested  Ti-6A1-4V  alloys  with  oxygen  contents  as 
high  as  0.30%.  Since  Mil-Spec  Ti-6A1-4V  and  RHA  have  similar  and  overlapping  mechanical 
properties,  the  ballistic  performance  results,  in  part,  from  strength  /density  of  titanium.  However, 
the  mechanical  properties  RHA  vary  as  a  function  of  plate  thickness  due  to  differences  in  thermo¬ 
mechanical  processing,  e.g.,  a  38  mm  RHA  plate  has  higher  strength  and  hardness  than  a  152- 
mm  plate.  While  titanium  has  poor  hardenabihty  in  thick  sections  and  cannot  be  rapidly 
ijuenched,  excellent  mechamcal  properties  can  be  developed  in  plates  through  thermo-mechanical 
working,  for  example  rotting.  Titanium  mechanical  properties  are  very  uniform  through  the  plate 
thickness  that  increases  the  relative  ballistic  performance  when  compared  to  equivalent  thickness 
of  RHA.  In  thick  sections  this  titamum  alloy  has  sigmficantly  better  mechanical  properties  for 
ballistic  jqiplication  than  RHA. 

The  combination  study  of  adiabatic  shearing  and  spatting  of  titanium  alloys  is  of  major  interest 
to  ARL.  These  combined  mechanisms  of  fast  localization  of  plastic  deformation  and  fracture 
reduce  the  overall  performance  of  titanium  in  a  perforation  mode  where  spalling  is  prevalent 
which  is  directiy  related  to  adiabatic  shear  effects.  Understanding  of  the  basic  shear  and  spall 
properties  at  high  rates  are  absolutely  required  for  use  of  tiiis  material  in  armored  systems.  The 
penetrator  /  toget  interaction  mechanism  in  titanium  alloys  are  not,  however,  well  understood. 
Extensive  adiabatic  shear  banding  is  evident  in  the  titanium  penetration  cavities.  The  poor  heat 
conductivity  of  titanium  alloys  along  with  a  low  rate  of  strain  hardening  induces  these  localized 
shear  failures  through  thermal  softening  which  overcome  the  work-hardening  and  straiu-rate 
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e^cts  [8-10  13,  16-18]  In  addition,  adiabatic  shearing  in  the  meso-scale  is  present  as  it  is 

shownmfurther  parts  of  this  Report, in  the  process  of  spalling  at  low  impactvel^^^^^^^^^ 


TECHNICAL  OBJECTIVES 


T!  '?■  and  optical 
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mkilfh!?  thermal  coupling  and  the  local  high  strain  rates.  The  evolution  of  spall  faille  can  £ 
t^en  mto  account  by  a  cntenon  based  on  physical  hypotheses.  Finally  the  shear  characterish>«; 
of  the  same  btamum  alloy  obtained  earlier  within  a  wide  range  of  strain  rates  18  131  rrano^ 

gSeSl5?r26rc»  ,Vf-  “  DoursS:r"(l^|!;  fe"' 
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'’1*^“'  oriterion  for  spalling  based  on  Martcov  statistics  and  thermal 
ac^abon  an^ysis  [22]  with  the  new  criterion  based  on  the  meso-level  approach  can  provide 
further  ^cial  information  how  to  construct  advanced  failure  criteria  for  falling  Such  studv 

!  ^  sensitivity,  imposed  conditions  in  the  form  of 

different  badmg  rates  (impact  velocities)  and  experimentally  determined  global  stress  level  of 

^  be  established  between  susceptibility  to  catastrophic 

*  shear  m  the  meso-scale  and  material  properties  including  the  role  of  defects  that 

py  and  non-contact  apparatus  for  roughness  measurements  of  the  spalled  surfaces 
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TECHNICAL  APPROACH 

impact  experiments  have  been  carried  out  at  LPMM-Metz  since  late 
capable  firing  of  projectiles  with  different  shapes  and  weights 

^  iS.  r  “  ”'*■  gas  gun  has  four  nterconnefed 

of  maximum  pressure  250  bars  with  pneumatic  breech,  the  gun  barrel 
u^the  imget  chamber  with  optical  and  electrical  windows  and  the  catcher  tanb  a  soft 

rf™'  f ““P*  P'  air.  AH  plate  impact 

w  P*^  **  ^  8un.  that  is  the  setup  for  measurement  of 

impact  velocity,  target  and  catcher  are  shown  schematically  in  Fig.  1 
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The  impact  velocity  is  measured  by  two  sets  of  light  sources,  optic  fibers,  two  sets  of 
photodiodes  with  amplifiers  and  two  time  counters.  The  firing  procedure  is  completely  automated 
and  controlled  by  several  gages,  including  the  levels  of  pressure  and  vacuum,  automaton  and  two 
computers.  In  order  to  generate  plane  waves,  in  both  the  flyer  plate  and  the  target  plate,  all  theirs 
faces  must  be  flat.  It  was  accomphshed  via  grinding  and  pohshing  of  all  plates. 

One  of  the  objectives  was  to  find  experimentally  the  stress  level  at  which  the  incipient  spall 
occurs  at  different  time  of  loading.  The  final  result  that  can  be  obtained  is  in  the  form  of  of  (tc) , 
where  of  is  the  global  tensile  stress  for  the  incipient  spall,  tc  is  the  critical  time  varying  in 
present  case  fi-om  ~3.0  ps  to  0.9  |xs  ,  [Etch].  Expected  result  is  shown  schematically  in  Fig.2.  For 
relatively  long  loading  pulses  the  threshold  stress  ofo  is  reached.  Below  the  threshold  stress  no 
incipient  spall  is  observed  even  for  very  long  loading  times,  typically  for  hard  alloys  ~5.0  ps.  At 
shorter  loading  times  the  critical  stress  increases  due  to  rate  effects  related  to  visco-plasticity  and 
micro-inertia  in  the  meso-scale. 


Ti-6AI-4V  ALLOY 


One  of  the  most  utilized  titanium  alloys  is  Ti-6A1-4V,  Grade  5  alloy.  This  a-p  aUoy  has  many 
industrial  applications.  It  is  well  known  that  Titanium  and  its  alloys  are  very  sensitive  how  they 
are  obtained.  The  technology  of  fabrication  may  introduce  substantial  changes  in  mechanical 
behavior.  Microstructure  of  Ti  alloys  is  affected  by  many  technological  factors  like  thermal 
treatment  and  cooling  rate  after  rolling.  Thus,  the  production  technology  is  decisive  for  an 
optimization  of  resistance  to  failure.  Since  the  raw  specimens  in  the  form  of  disks  DIA  57.0  mm 
and  of  different  thickness  have  been  provided  by  the  Army  Research  Laboratory,  Aberdeen,  MD, 
the  process  of  fabrication  will  not  be  given  here. 

The  first  stage  was  to  verily  microstructure  of  the  alloy.  After  pohshing  the  surfaces  were 
chemically  treated  and  next  observed  by  an  optical  microscope,  [27].  The  following  stages  were 
appUed: 

1  -  Mechanical  polishing  with  ground  paper  SiC  with  grains  2400  avoiding  excessive  normal 
force  to  avoid  twinning. 

2  -  Polishing  with  diamond  paste  on  nylon  fabric  vrith  grains  9,  6  and  3  pm  up  to  shiny  surface. 

3  -  Chemical  pohshing  with  solution  OP-S  of  Struers  containing  30%  of  oxygen  water  (H2O2). 

4  -  Chemical  treatment  of  surface  with  two  following  solutions; 

a  -  Composition  #  1 

HF  ;  4  ml,  HNO3 :  8  ml,  H2O  :  500  ml. 
b  -  Composition  #  2 

HF  :  2  ml,  HNO3 : 4  ml,  H2O  :  94  ml. 

Both  solutions  yielded  good  results  for  Ti-6A1-4V  alloy  with  different  time  of  submersion.  In  the 
case  of  composition  #1 ;  3  min  and  for  composition  U2  :  30  and  40  seconds. 

The  microscopy  observation  was  performed  for  two  directions,  that  is  in  the  direction  of  rolling 
and  perpendicidar  direction.  The  microstructure  in  the  direction  of  rolling  is  shown  in  Fig.3.  The 
first  conclusion  is  that  the  microstructure  is  composed  with  colonies  of  grains  with  different 
orientations  (Widmanstatten  microstructure),  or  typical  a+p  microstructure.  The  microstructure 
in  transverse  direction  is  shown  in  Fig.4.  Again,  the  microstructure  is  similar  but  the  grains  are 
smaller.  It  may  be  mentioned  that  the  phase  a  is  HCP  and  p  is  BCC. 
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PLATE  IMPACT  EXPERIMENTS 


2  88  m  With  nV  ^  u  ^  d'ameter  D  =  57.0  mm  and  tube  length 

188  m.  With  nitrogen  used  m  the  experiments  and  the  standard  mass  of  striker  -200  e  ^ 
maximum  impact  velocity  can  reach  -600  m/s.  ^ 

The  impact  velocity  is  measured  by  a  setun  shown  in  Fia  t  Ttir<»o  loo^.-  a'  ^ 

frorof  o^tSs'  Tie’’photS'ii™'  T  Pl>olodfi«"“pIa"S°to 

act  niMsipe^t  of  the  impact  velocity  at  the  point  of  target  surface.  W  all  distan^L  are 
be  found  and  the  impact  velocity  determined  exactly.  veicraoon  ot  llyer  can 

(tiJiUXy)tas^tl^d’^vemd'^j"i^^^^ 

'•“'■““s  was  used.  Seven  rombination  of  the 

spaltrwre:::^edXTe'^«“r^^  NeTrSr  “ 

brte''^esItv^orspXr ’^r'*  “r  behavior “Se 

Of  the  acoustic  approximabon  leads  to  the  following  relations;  Application 

The  time  of  loading 


tc  = 


2L 

Cl 


where 


1/2 


(1) 


where  U  is  the  loading  time,  U  is  the  current  thickness  of  the  target,  Ci  is  the  elastic  wave 
speed  of  plane  waves,  Xand  p  are  Lame  constants  (  p  is  the  shear  modulus  )  It  is  sometimes 


C,  J_£(M 


-2^j 


(2) 


^^S'is%^by‘  incident 
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(3) 


a=pCi^  where  v=^  is  the  mass  velocity 

This  shnple  approach  based  on  theory  of  elastic  wave  propagation  is  called  the  “acoustic 
approximation”  and  can  be  only  apphed  for  impact  velocities  close  to  the  Hugoniot  elastic  limit 
oyh  given  by 


o  m 


or 


CTW  = 


1-v 

1-2  V 


or 


(4) 


^^here  v  it  the  Poisson’s  ratio  and  ay  is  the  elastic  limit  in  one-dimensional  stress,  obtained  by 
a  simple  tension  test. 

The  final  results  are  shown  in  Fig.5  as  the  spaU  stress  of  versus  the  critical  time  tc  .  During 
calculation  of  the  critical  stress  Eq  (3)  was  apphed  with  the  elastic  wave  speed  of  plane  waves  as 
Cl  =  6.01  mm/^is.  Fig.  5  shows,  as  ejqjected,  that  a  shorter  pulse  duration  leads  to  a  hi^er  spall 
stress.  For  relatively  long  time  of  loading  of  the  order  tc  «  3.0  ps  the  stress  of  the  incipient  spall 
is  approximately  ap  »  4.25  GPa.  When  the  pulse  duration  is  tc  »  1.0  ps  the  stress  of  the 
incipient  spall  reaches  a  «  5.75  GPa.  The  sohd  line  in  Fig.5  is  an  approximation  by  a 
cumulative  failure  criterion  discussed  in  further  part  of  this  Report. 


METALLOGRAPHIC  EXAMINATION 


Matallographic  examinations  were  canried  out  with  optical  and  Scanning  Electron  Microscopy 
(SEM).  The  initial  raicrostructure  was  observed  via  optical  microscopy,  Figs  3  and  4  and 
analysis  of  fi-actured  surfaces  was  performed  with  SEM.  A  fragment  of  polished  cross  section  of 
a  specimen  after  complete  spalling  is  shown  in  Fig.7,  impact  velocity  Vq  =  370  m/s  and  pulse 
duration  tc  =  1.9  ps.  The  picture  is  similar  as  to  those  obtained  earher  for  hard  alloys,  for 
example  armor  steels.  That  is  formation  of  a  kind  of  penny-shaped  cracks  in  direction  parallel  to 
plane  wave  and  a  set  of  adiabatic  shear  bands  formed  perpendicularly  to  the  plane  wave 
(direction  of  plane  wave  propagation).  A  preliminary  estimation  of  the  typical  dimensions  of  the 
permy-shape  sizes  denoted  AXi  and  the  vertical  dimensions  of  adiabatic  shearing  denoted  AYi , 
leads  to  the  following  ranges:  1000  pm  <  AXi  <  20  pm  and  40  pm  <  AY;  <  15  pm.  Of  course’ 
those  values  are  approximate.  A  complete  statistical  analysis,  similar  to  that  completed  for  ari 
armor  steel  [11, 28],  will  be  performed  in  the  future. 

Details  how  the  failure  occurs  are  shown  in  Figs  7  and  8.  In  Fig.7  the  initial  stage  is  clearly 
visible,  material  separation  by  penny-shaped  cracks  and  adiabatic  shearing.  In  Fig.8  a  complete 
separation  is  cleariy  visible  with  the  penny-shape  crack,  AX  «  300  pm  ,  and  ASB  dimension  AYi 
«  350  pm  Garger)  and  AY2  »  1 10  pm  (smaller). 

Since  formation  of  penny-shaped  micro-cracks  and  adiabatic  localization  in  the  meso-scale 
plays  a  decisive  role  in  spalling,  the  physically  based  failure  criteria  developed  during  last  years, 
[2,22,23,28],  are  analyzed  for  the  titamum  alloy  Ti-6A1-4V  in  the  next  parts  of  this  Report.  The 
first  one  to  be  discussed  represents  the  global  approach  and  relates  the  tensile  critical  stress  of 
with  the  critical  time  tc ,  thus  a  direct  comparison  could  be  performed  witii  experimental  data  and 
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physical  parameters  that  enter  into  each  criterion  could  be  identified.  A  more  detailed  studv  of 


THE  GLOBAL  SPALL  CRITERION 


depends  on  numerous  factors  like  loading  lime  local  stress 
mibal  temperature  and  microstructure.  Several  formulas  exist  to  predict  spall  fractu/e  M  Those 

ete  L  c  o^WhlS  r'm  “  «  generally  accepted  that  the  rate  and  temperature 

see  review  u  '"iofo-mechartical  processes  of  fr^turing, 

f  L  I^e  temperature-time  dependence  of  strength  in  solids  can  be  based  the  kinetic 

The''nh  *^*'^T**'’  '**'0''  regards  ftacture  as  a  thermally  activated  process 

fJt  n  by  tbo  l-ree  pmametas  thlT^uencv 

r^^'oTTh”  'boss.  The  idvation  eJl  “cl^ 

strei2T^'  *e  energy  barrier  related  to  the  probability  of  brealSg  the  bond^de^g 
bonH^  ^  constant  may  be  mteipreted  as  a  coefficient  taking  into  account  the  overstrL  on  a 
Ti  ^bess  in  a  solid  A  comected  form  of  failure  criSb?id  on 

Sld“ra"a  ”  ““  b  “P  »f  b-P 

a  fPPP^b  c  'P^^'Sc  approach  to  the  Boltzmann  statistics  and  has  formulated 


tc  =  t,.  ex 


(5) 


J^«e  AG(ap)  is  the  stress  dependent  free  energy  of  activaHon  taken  in  the  form  after  Yokobori 


AG(Op)=  AGoln 


(6) 


where  t,.  and  Op.  defines  the  characteristic  point  for  the  longest  critical  time,  o,  is  the  spall 
Ser’derivtd'^'’''”™®  b"'™"  ”  fP™  Pf  <bc  following  integral 


f.r  <r,(t)' 

-  I  "r.  J 


a(T) 


dt 


and 


Op  ^  Op 


(7) 
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a(T)  =  AGo/kT 


(8) 


wath 


and  a(T)  are  three  material  constants  at  constant  temperature.  When  the  process  is  non- 

isothermah  as  happens  locaUy  in  the  case  of  spalling,  the  exponent  a(T)  is  time  dependent  via 
changes  of  temperature  during  loading  or  unloading,  then  a(T,t).  The  criterion  has  been 
generalized  for  case  of  a  wide  variation  of  the  initial  temperature  by  introduction  a  temperature- 
dependent  threshold  stress  aFo(T).  It  is  assumed  that  the  threshold  stress  opo  decreases  with  the 
absolute  temperature  T  in  proportion  to  the  temperature  dependence  of  the  elastic  constants 

(jFo{T)=an^^  (g\ 


where  Eo  is  tfie  Young’s  modulus  at  T  =  0  ,  am  is  the  threshold  stress  at  T  =  0  .  Variations  of 
the  Young’s  modulus  with  temperature  is  given  in  [Balk]  as 

where  Tm  is  the  melting  point  and  0  is  the  characteristic  homologous  temperature. 

Since  this  spall  criterion  is  global  one,  it  includes  both  the  brittle  micro-mechanisms  of 
separation  and  dynamic  plasticity.  Those  two  factors  are  superimposed  in  different  proportions 
signaled  by  the  value  of  a.  Its  universality  lies  in  the  fact  that  it  has  a  cumulative  character  and 
the  exponent  a  is  temperature  dependent.  When  temperature  is  increased  more  ductile  micro¬ 
mechanisms  are  activated  and  op  increases  up  to  a  high  level  due  to  enhanced  ductility.  At 
homologous  temperatures,  probably  higher  then  0.3  to  0.4,  another  criterion  based  on  dynamic 
plasticity  should  be  derived.  In  particular  case  of  square  pulse,  corresponding  to  experiments  with 
a  square  mcident  compressive  wave  and  with  amplitude  which  is  closed  to  the  Hugoniot  Elastic 
Lirmt  (HEL),  that  is  acoustic  approximation,  the  criterion  takes  the  form  (  Formally,  eq(9) 
should  be  integrated  with  cpCt)  =  op  H(t),  where  H(t)  is  the  Heaviside  step  function) ; 

Va(T) 

tc<tco  (11) 

This  criterion  is  adapted  to  relatively  low  and  medium  temperatures  when  the  kinetics  of  spalling 
is  triggered  by  the  tensile  stress  exceeding  the  threshold  stress  opo  .  When  Eq.(lO)  is  analyzed 
and  plotted  in  the  form  Oy(J)  for  tc  =  const,  it  is  found  that  spall  strength  slightly  increases  with 
temperature.  An  increase  of  the  failure  stress  with  temperature  indicates  for  an  increased 
contribution  of  ductile  separation.  When  Eq.(lO)  is  plotted  in  the  form  aF(tc)  for  T  =  const  it  is 
found,  as  discussed  previously  and  shown  in  Figs  2  and  5,  that  the  failure  stress  increases ’with 
decreasing  of  the  incident  pulse  or  the  critical  time  tc  . 

Assuming  the  acoustic  approxnnation  and  rectangular  shape  of  the  incident  wave,  three 
material  constants  of  the  spall  criterion  in  the  form  of  eq.(lO)  have  been  found  for  Ti-6A1-4V 
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alloy.  In  order  to  determine  three  material  constant?  rr  ♦  n 

analyzed  by  an  optimization  procedure  and  the  followin^wem  found“fm  "r^-Tv 

ctfo  -  3.85  GPa ,  tco  =  4.0  ,  a  =  3.68 

value  of  the  energy  fte  Je'suh 

TT,.  .  AGo  =  0.095  eV 

pia^c  r^u"X  esSd  “oVs"eT  ,34?rs:i"r'‘* 

"  0.4  ■ntdicatg'r^irpS:; 

failure  would  be  purely  brittle.  'vabon  energy  of  spalling  were  zero  then 

experimental  data  for  spalling  of  aluminum  aUov  70?n 

^  “ 

are  AGo(7020-T6)  =  0.034eV and  AGq (Mars  190)  =  O0I9TV 
activation  energies  for  die  process  of  soallinp  arp  th^.  oi  k  1 

the  material  separation.  This  is  whv  the^anriv  t'  ^lob^  values  for  all  processes  involved  in 
..pure,,  (one-L:ronIl":;:s:ter™e 

surface  by  spaUine  with  a  small  rnntrihiih/y  f  ^  energies  to  create  a  free 

nreohami  Tn"*  crtr 

but  sdh  ,s  a  source  o“p?Ss  "  “  I^OJ. 


THE  MESO-MODEL  OF  SPALLING  WITH  THERMAL  COUPLING 
this  ftat  discussed  in  the  preWous  par,  of 

Ssn^f^-Sr  “S£“  sti 

c®.iTSra;'s^^rjr  •?  r 

(SEM)  in  Ti-6A1-4V  allov  which  occurs  d  '  the  Scanning  Electron  Microscopy 

physical  micro-mechanisms,  like  miWvokl  forSon  *r3?36^°^£^A?^hT°^cir* 
Bands  (ASB),  for  examole  137  38  171  tIia  ean  c  ’•  ’  ’  Adiabatic  Shear 

*■ 

kinetics  of  microstructure  on  spall 

of  material  sep“afon  to  ifS  to  “"■*>“<»  of  two  modes 

sepamtioo  chiges  ilulL  to  to  ?'  “to^uto  of  each  mode  to  the  final 
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occurs  simultaneously  wath  the  local  plastic  deformation  larger  than  a  certain  threshold.  Typical 
contribution  of  plasticity  in  the  early  stage  of  failure  is  the  mechanism  of  micro-voids.  For  low 
temperatures  and  high  loading  rates  including  spalling,  nucleation  is  governed  by  a  critical  stress, 
and  micro-cracks  or  micro-voids  nucleate  and  grow  jfrom  preexisting  inhomogeneities  like  grain 
boundaries,  boundaries  of  different  phases  and  inclusions.  Such  initial  stage  of  failure  for  Ti-6A1- 
4V  alloy  tested  in  RT  is  shown  in  Fig. 9  after  [36].  A  sigmficant  amount  of  micro-voids  in  the 
region  of  the  expected  spall  plane  was  observed.  The  micro-voids  were  preferentially  located  at 
the  boundaries  of  o.  grains  and  lamellar  oc-P  boundaries.  It  was  also  observed  that  the  voids  were 
located  at  triple  points  as  is  shown  in  the  lower  part  of  Fig. 9.  The  nucleation  on  micro-voids  is 
typical  for  two-phase  alloys.  The  main  reason  is  existence  of  internal  stresses  which  develop 
between  phases  to  maintain  plastic  strain  compatibihty.  It  is  assumed  that  under  a  given  state  of 
stress  (uniaxial  tension)  micro-void  nucleation  is  controlled  by  a  certain  level  of  the  normal  stress 
threshold.  When  this  stress  threshold  is  exceeded  the  separation  occurs  by  coalescence  of  larger 
voids  and  local  plastic  instabihties  in  the  form  of  ASB.  The  incipient  level  of  damage  can  be 
defined  as  a  limit  of  those  two  stages. 

The  specimen  Ti  6(2)  03  has  been  analyzed  by  SEM  in  details,  Vo  =  290  m/s,  tc  =  3.3  ps  ,  ctf 
==  3.68  GPa  ,  [27].  It  was  found  that  the  mechanism  of  failure  is  similar  to  that  reported  in 
[35,36].  However,  two  micro-mechanisms  of  the  initia]  stages  of  failure  is  found.  The  first  one  is 
shown  in  Fig.lO.  This  is  the  case  when  lamellas  are  oriented  in  parallel  to  the  plane  of  impact, 
then  the  micro-voids  occur  at  the  interface  of  a-ft  phases.  The  second  case  is  shown  in  Fig.l  1,  in 
that  case  the  lamellas  are  mcUned  to  the  impact  plane,  and  micro-voids  are  localized  in  between 
junction  of  two  phases.  A  more  advanced  stage  of  such  micro-damage  is  shown  m  Fig.  12  where 
coalescence  of  micro-voids  is  complete.  The  final  material  separation  is  shown  in  Fig.6.  The 
relief  shown  in  this  figure  is  one  of  many  possibilities  and  it  peihaps  depends  on  the  initial 
hardness  of  a  alloy.  It  may  be  mentioned  that  also  otiier  reheves  are  reported  for  Ti-6A1-4V  in  the 
literature,  [36],  [39],  This  an  open  problem  to  be  explored.  Another  unknown  factor,  very 
important  in  the  final  outcome,  is  the  impact  velocity  Vq  . 

The  observations  by  SEM  confirm  that  the  spall  process  is  a  result  of  nucleation,  growth  and 
coalescence  of  micro-cracks  when  brittle  fracture  dominates  and  micro-voids  when  ductile 
fracture  is  more  likely.  Thus,  during  tiie  latest  stages  the  spallmg  is  controlled  by  the  local  plastic 
deformation  via  coalescence  of  micro-voids  and  development  of  local  instabilities  between  them 
(internal  adiabatic  shearing  or  necking  of  adjacent  micro-cavities).  It  is  clear,  the  microstructure 
has  a  direct  influence  on  the  mechanism  of  nucleation,  growth  and  coalescence  of  micro-cavities 
or  micro-cracks  by  means  of  the  distribution  of  nucleation  sites  and  next  a  high-speed  lateral 
expansion  leading  to  adiabatic  plastic  bridges. 
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REMARKS  ON  STATISTICAL  DISTRIBUTION  OF  DIMPLES 


P  Won.  see  Kg.6,  TLe  proeedure  of  measurement  for  Ti™Al!lV  *70^  * 

in  Fig  13  11281  The  lenoth  is  presented 

ig.iJ,  me  length  of  horizontal  segment  AJ,,  which  the  result  of  the  first  sten  of 

~5M  um  spoiled  cross-section  is  divided  into  -100  segments  with  constant  length  of 

500  pm.  Microscopic  observation  of  each  segment  aUows  measuring  all  AT  and  AT  leShs 
^  me^-mechamsm  of  Mure  can  b^pproaimated  by  a  mean  elenintary  c^ll  com^sJd  of^ 

aXe  w2^f  A  of  average  length  Al^  and  widi  an 

FrTf  AM  f  *>“'<  »  between  two  vertical  segments  as  ii  is  shown  in 

fof  TbOM JV  *?1  “  of  eharacteristic  dimensions  was  not  performed 

M  X  Zt"^  Tff  ?■'  ““  AX  and  AY  U  -50  pm  and  -30 

SdoT’spSTitdypI^lhrinirZ^.** 


MODELING  ON  MESO-LEVEL 

Nucleation 


Since  the  microscopy  observations  indicate  that  the  criterinn  fnr  craoii;.,  u  j  t. 
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separation,  thus  yr  Ye  +  Yp  has  been  applied  in  modeling.  The  critical  normal  stress  Od  id  given 
by 


(1) 


where  ^  =  ;r  /  2  for  a  penny-shape  and  ^  =  2  /  ;r  for  a  plane  crack,  E  is  the  Young’s  modulus  (E 
=  115.7  GPa),  V  is  the  Poisson’s  ratio  (  v  =  0.331),  2ac  is  the  length  of  micro-crack  and 
=  r.  +  Yp  is  the  surface  fracture  energy  =  lO^J /mm'  for  steels,  [40,41].  Values  of  E 

and  V  are  given  after  [35].  When  a  micro-crack  nucleates,  its  tips  propagate  next  with  a  high 
velocity  under  action  of  a  decreasing  stress,  up  to  a  final  length  a^.  According  to  Orowan,  [41], 
the  surface  energy  of  plastic  deformation  in  metals  is  approximately  three  orders  of  ma^tude 
higher  than  the  elastic  surface  energy.  It  can  be  assumed  in  the  present  analysis  that  the  plastic 
surface  energy  is  proportional  to  the  elastic  surface  energy: 


Yp  =  ZYe 


(12) 


where  x  is  the  coefficient  of  proportionality.  It  is  usually  assumed  that  s  1000 .  The  approach 
assumed  here  ne^ects  completely  dynamics,  however,  because  of  a  small  dimension  of  such 
micro-crack,  the  inertia  effect  seems  to  be  neghgeable.  Of  course,  a  more  complex  approach  can 
be  invoked,  but  at  this  preliminary  stage  of  modeling  simplicity  is  an  asset. 

Crack  propagation 

Under  the  effective  local  stress  Cj,  which  is  assumed  constant,  the  micro-crack  propagates  at 
velocity  a  up  to  attainment  its  final  length  a^.  In  the  limit  the  following  relation  holds 

2ac=AY,  (13) 

It  is  assumed  further  that  the  propagation  velocity  a  is  constant.  After  [42]  and  [43],  the  limit 
velocity  of  crack  propagation  is  between  O.4C2  and  O.6C2 ,  where  C2  the  speed  of  elastic  shear 
waves.  For  Ti-6A1-4V  alloy  theoretical  value  of  the  speed  of  elastic  shear  waves  is  C2  =  3.13 
mm/ps.  A  more  general  discussion  of  moving  cracks  has  been  reviewed  by  [44].  In  the  case  of 
T1-6A1-4V  an  estimate  of  the  crack  speed  is  within  the  limits-  1250  m  s'‘<d  <  1880  m  s'*. 
However,  the  real  velocity  of  a  moving  crack  is  much  lower  than  those  limits  due  to  formation 
of  a  plastic  zone  in  the  crack  tip,  [44-46]. 
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The  propagation  time  over  the  distance  ac  is  given  by  the  relation 


This  time  interva]  is  relatively  short,  even  for  crack  velocities  propagating  at  a  smaU  fraction  of 
the  elastic  wave  speed.  However,  the  normal  stress  may  reach  locally  a  quite  high  values. 

Growth  and  coalescence  by  ASB 

TWs  stage  absorbs  more  energy  to  be  advanced  and  much  longer  time  is  reouired  iha„  rh. 
rlT"n  Under  tension  load,  the  plastic  deformabon  is  Sted“thta 

has  a  t^ic^eSo^tmrj'for 

modelmg  drat  pl.bc  deformation  in  the%it?o™edS  e^  “mctsSlC: 

MO  cnnc^  value  r.  .  from  that  instan^tte  progressive  cracking 'if 

^,i.°i!“  T’  "'P'^8  *=  ooto  of  the  micro-shear 

of  thickness  ^  ,  and  the  failure  begins  from  the  critical  value  of  shear  deformation  r  The 
progressive  cracking  of  the  ASB  is  continued  at  constant  velocity  V  (close  to  the  mass  velo^itv  nf 

tte  reflected  wave)  until  a  complete  coalescence  of  two  neighboring  micro-cra^  Thl^  Lv 
deformation  in  the  shear  band  is  given  by  the  relation:  mcro-cracks.  The  plastic 


and  the  strain  rate  is  given  by 


’  s 


^  p  =  ~  =  constant 


ttn'Xil'  '“ses  in  development  of  the  ASB  on  the  strain  hardening  curve 

Sim  -ri  '  '5®^  “"80  «  fioi^hod  t^en  the  shear  stressTelihTa 

stress^ecreleTJlpSlytdft  localization,  where  the  shea^ 
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The  evolution  of  shear  stress  r  is  calculated  for  a  plastic  material  with  the  linear  thermal 
softening  proportional  to  the  homologous  temperature,  and  with  the  constant  rate  sensitivity 
index  m,  by  using  of  tiie  following  constitutive  relation 


i 

^  T 

(  ^pI 

X  Fp,T  =Xo 

l  +  b^ 

\  P’  /  0! 

1  rj 

(17) 


where  is  the  melting  temperature  in  Kelvins  (1^,  «  1900  K),  and  T  is  the  current  temperature, 
Tp  is  the  shear  strain  rate  of  plastic  deformation,  (s^)  is  the  reference  strain  rate,  a  is  the 
temperature  sensitivity  coefficient,  b  is  the  rate  sensitivity  coefficient,  and  (MPa)  is  the 
threshold  stress.  Some  constants,  more  exactly  a,  b  and  m,  can  be  determined  for  Ti-6A1-4V  by 
simple  tension  or  compression  tests  at  different  strain  rates  and  temperatures.  For  example,  value 
of  shear  stress  xo  can  be  estimated  from  [9]  as  Xo  *  1 100  MPa  at  shear  strain  rate  ~2xl0^  s  ' 

The  uniform  heating  due  to  plastic  deformation  can  be  calculated  with  the  following 
thermodynamic  relation 


(18) 


where  p  =  0.9  is  the  Taylor-Quinney  coefficient,  the  density  in  RT  is  p  =  4430  kg/m^  ,  and  the 
specific  heat  at  constant  volume  is  Cv.=  543  J/(kg  K).  The  optic^  microscopy  observations  of  the 
shear  bands  in  Ti-6A1-4V  have  allowed  for  an  estimation  of  the  final  localization  strain.  It 
appears  that  instability  and  formation  of  inhomogeneous  deformation  occurs  approximately  at 
plastic  shear  strain  equal  approximately  to  F  «  0.01 1  at  strain  rate  ~10^  s'',  [9],  By  assuming  that 
shear  strain  rate  is  constant  during  the  period  of  shear  deformation,  for  example  F^  =  10*  s"', 
calculations  using  Eq.(7),  and  Eq.(8)  yield  the  temperature  increase  ~100  K. 

Beginning  from  the  third  stage  which  starts  at  the  temperature  level  -100  K,  the  adiabatic 
nse  of  temperature  continues  inside  the  ASB  due  to  continued  strain  localization,  this  stage  is 
determined  by  ttie  following  relation 


AF 

p 


AT^,.  =T. 


tdia 


After  integration  of  Eq.(9)  the  evolution  of  temperature  at  this  stage  is  found  as  follows 


(19) 


For  large  plastic  deformation  in  shear  an  increase  of  temperature  usually  obtained  is  a  high 
firaction  of  the  melting  point.  It  is  tiien  acceptable  to  neglect  the  temperature  increase  due  to 


16 


uniform  plastic  deformation  and  also  during  the  coalescence  .sfaae  Tn  *1,  • 

".odeliog  only  adiabatic  evolution  of  temWalure  in  ASB  >'™*  T 

jsunnng  ti«l  fl.e  atiain  .,e  is  eonstan,  fte  incrcmen,  of  plastic  r 

(21) 

S'ndi"*  E,.(10)  into  Eq.(7),  and  by  intonating  of  E<,  (11)  with  the  followtag  Innit 
If  t  =  0  then  T  =  T  =Tn  +  at 

.o  1  iuni  lo  +  iiluni 

It  t  -» 00  then  T  ->  0  , 

the  final  expressions  are  obtained  for  temperature  and  shear  stress  evolution  in  time 


widi  the  foUowing  parameter 


a  = 


>CoP 


PCx 


Ubt 


define  the  new  model  for  fte^  ^  ^  ^  ^ 

mean  normal  stress  as  a  fimction  of  time  nr  Aa  penmts  to  estimate  the  evolution  of  the 

modeling  are  included  into  Table  3  Where  in  tS  A*  ^ 

««  Shear  shess  is  appUed.  It  is  also::™:  ttrare^ira^rF^ri'tS 

2  is  fte  shortest.  The  fo^st  ,^1^“  “w  is  usually  smaH  the  stage 

ASB.  It  oecunt  in  proportonr^  „t  Propagates  in  the  core  of 

meso-stress,  a  pseudo  3D  analysis  was  applied  Aat  ^  an^ysis  of  the  normal 

symmetric  in  the  X  and  Z  directions  where  21  f  Y  elementary  cell  was  assumed  as 

Ae  elementary  cell  dwwn  in  Fie  13  for  thA  y  ’a*;  ^  ^  parallel  to  Ae  spall  surface.  So 
crack  is  the 

stuAed  m  the  future.  The  modeling  presented  here  ^  mconsistency  vwll  be 

mind  direct  application  to  Ti-6A]-4V  alloy.  preliminary  stage  especially  having  m 
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In  order  to  estimate  the  macro  or  global  stress  level  for  spalling  predicted  by  tins  model,  and 
compare  in  the  future  with  experimental  results,  the  definition  of  the  mean  value  of  the  integral 
can  be  applied 


CTF— ^  (Jmesc{f)dt 


where  At  =  U  -  to  is  the  time  interval  of  integration.  The  longest  interval  is,  of  course,  between 
the  instants  when  the  micro-crack  starts  to  propagate,  to  =  0,  and  it  ends  at  die  moment  of  the 
complete  separation,  when  the  normal  meso-stress  is  zero.  However,  due  to  the  fact  that  die  final 
instants  of  separation  lead  to  a  relatively  low  values  of  the  mean  stress,  the  interval  of  integration 
should  be  assumed  as  a  parameter,  and  the  integration  should  be  performed  with  shorter  values 
of  At.  The  variation  of  the  integration  period  should  be  limited  only  to  the  stage  3.  This  cut-off 
procedure  fits  die  global  failure  stress  to  experimental  level.  However,  the  procedure  is  artificial 
and  fiirdier  studies  are  necessary  to  clarify  the  main  cause  of  diis  discrepancy  The  mean  spall 
stress  Of  is  in  general  lower  when  integration  is  performed  till  the  end  of  the  stage  3  as 
compared  with  the  experimental  values  [1,28].  In  spite  that  die  spall  stresses  obtained  via  the 
model  are  as  a  rule  lower  than  expected,  the  trend,  however,  is  correct,  diere  is  a  stress-dependent 
fi^acture  delay  time  that  decreases  with  increasing  stress.  There  are  many  physical  reasons  why 
such  difference  has  occuired,  it  is  prematurely  to  discuss  them.  One  possibility  is  to  introduce  in 
the  model  a  notion  of  the  threshold  stress,  [28], 


CONCLUSIONS 


Spall  strength  of  titanium  alloys  was  recendy  reported  in  many  publications.  Although  in  some 
publications  the  spall  strength  is  given  not  often  a  data  are  not  complete.  It  causes  that 
comp^on  of  particular  results  are  very  fi-equentiy  not  so  simple.  It  is  out  of  scope  of  diis  Report 
to  review  available  experimental  data  for  titanium  alloys,  including  Ti-6A1-4V  alloy,  but  scane  of 
results  published  recently  will  be  mentioned. 

A  series  of  spaH  tests  for  four  Russian  Ti  alloys  VT-6,  VT-14,  VT-20  and  VT-23  was  reported 
in  [48] .  It  was  found  diat  the  fi’ee  surface  velocity  profiles  display  forward  ot  — ^  co  and  reverse  ot 
->  o  phase  transition  in  all  those  alloys.  But  the  most  important  finding  firom  the  point  of  view  of 
this  study  was  confirmation  of  shear  zones  and  adiabatic  shear  bands  situated  in  parallel  direction 
to  the  propagation  direction  of  plane  waves.  Those  adiabatic  shear  bands  end  with  micro-cracks 
on  each  side.  It  was  also  shown  in  this  stutfy  that  the  shear  bands  had  a  very  complicated  internal 
microstructure.  The  phase  transformation  change  a  normal  dependence  of  the  spall  strength 
versus  impact  velocity  showing  a  decrease  when  the  impact  velocity  reaches  certain  level. 
Typical  values  of  the  spall  strength  at  low  impact  velocities  ~  400  m/s  <  Vq  <  ~450  m/s,  varies 
for  all  four  alloys  within  the  following  limits  :  ~4.4  GPa  <  op  <  ~4.9  GPa  .  When  the  velocity 
range  is  -500  <  Vq  -600  m/s  the  spall  strength  *ops  for  all  alloys  to  -4.0  GPa. 

Is  study  reported  in  [36]  the  spall  strength  was  determined  for  Ti-6A1-4V  alloy  at  different 
temperatures  fiom  RT  to  -790  K.  UnfcMtunately,  the  spall  strength  in  RT  was  not  determined 
(value  of  5.0  GPa  was  assumed  after  Me-Bar  et  al.,  (1987)).  The  same  a  m  phase 
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'•''"Sth  drops  to  value  -4  .3 

A  more  recent  study  on  spall  sfrength  of  four  Ti-6A]-4V  allovs  with  HiWt^rrvn*  j 

oxygen  content  was  reported  in  [39]  Two  of  those  allnv«5  f  d dferent  gram  size  and 

s ::  rr,‘”,  r  ?  ^  S’Srsjrr^s.TK 

P  framfonnatioa.  Zu  “  :? 

in  the  discussed  papJttffl^XZ^is  ^ 

t^e  exact  cou^Z  rit^dZvtLZfr  stS  “ 

above  fit  the  region  ofthe  critical  time  tc«20ps^g5 

badges  la  the  fomi  of  adiabatic  shear  bands  111  Such  mod,  of  7  adiabattc  irncro- 

example  [30J,  also  [48],  Plane  auZScks  ^StoXt e  aSSirht^  1.'?^  Z”"’ 
Ihe  present  case  by  0.3  gndn  boundaries  and  trmle  points  Z  9  S  7 

inhomogeneities  constitutes  a  very  important  ^stiMl  ‘*^^^’*on  of 

fiacture  dynamics  This  statistics  meT^^  rs™  f'’  “ 

the  spalled  smftce.  such  as  sho™  to  pS  obsenmttons  of  segment  distribution  on 

ca^atTIe  I^eUf'ZumtZ:^  o°n  STfr  r““-  '» 

Mure  of  ASB.  The  model  shSdd  pfedict  coirecfly  fte  '  7'“™*  “<* 

stress  for  spallms  is  histnrvwt/TManfiaTvf  -eu  •  •  trends,  mat  is  the  critical  normal 

failure  criterion  have  been  found  and  the  solid  linf  «  v  <  ’  constants  m  this 

Furlha  studies  are  of  ^  Ztt^  etZIlv^  ^  *"  data 

spall  strength  on  the  incipient  level  obtained  bv  rL  niatenal  the  minimum 

of  the  free  surface  slL  Te  .,^1  approximation  and  by  measurement 

accumulation  in  adiabatic  conditions  an  inc^e  on^^^i  on  tiine-dq>endent  defect 

resulting  value  ofthe  spall  stress  This  is  onp  nf  velocity  of  flyer  should  change  tfie 

same  nLerial  wh^  differ  for  the 

pulse  duration  as  weD  as  its  amnlihid^T^  *  exan^le  Ae  rise  time  and 

impact  vetocity  of  the  flyw  Sted  metallurgically  stable.  Different 

niay  change  when  the  impact  velocity  is  ^  ^ 

phase  transformation.  Ano&er  factor  to  be  studied  ^in  th  ^  due  to  a 

the  rise  time  ofthe  incident  wa^^e  SeW  1:  “Nation  the  micm-mechamcs  of  failure,  is 
tensile  wave  causing  spalling  Finally  very  fi-M  n  *^Jated  to  the  lengtii  of  the  reflected 

velocities,  say  500  m/s  aid  higher  tte  d.^  Mu“togZ^c^  “P*' 

not  so  exact  mterpretation  of  results.  v  s  via  piasncity  is  ne^ected.  This  causes 
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The  conditions  of  the  experiment  and  results  for  Ti-6A1-4V  reported  here  are  well  defined  and 
they  should  be  compared  with  data  obtained  in  similar  conditions. 
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Table  1  Specimen  dimensions  for  plate  impact  experiments 

Table  2  Results  of  plate  impact  experiments 

Table  3  Three  phases  of  failure  in  the  meso-model  of  spalling 
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FIGURE  CAPTIONS 


Fig.  1  Layout  of  plate  impact  experiment,  bore  diameter  57  mm. 

F.g.2  Schematic  result  of  spall  experimeut  in  the  form  of  or(tc).  o™  denotes  the  threshold 
stress. 

Fig  3  Initial  microstructure  along  rolling  direction  for  Ti-6A1-4V  alloy,  [27], 

Fig.4  Initial  microstnicture  perpendicular  to  the  rolling  direction  for  Ti-6AI-I  V  alloy,  [27], 

Fig  5  Final  result  of  spall  experiments  for  Ti.6A14V  in  the  form  or(tc),  the  solid  line’ represents 
the  global  model  of  failure. 

Fig.6  Profile  of  fracture  surface  for  Ti.6AI-(V  alloy,  V„  =  370  m/s,  tc  -  1 .9  ps, 

Fig.7  SEM  profile  showing  initial  stage  of  material  separation,  micro-cracks  and  shearing 
Fig  8  SEM  profile  showing  final  stage  of  sepamtion,  that  is  complete  separation 
Fig  9  Initial  micro-voids  in  Ti.6Al-4  V  loaded  by  plane  wave,  upper  photo:  micro-cavities  on 
phase  boundaries,  lower:  miccMiavity  in  the  grain  boundary,  [35,36], 

Fig.  10  Micro-voids  in  the  initial  stage  of  failure  localiaed  in  the  interfa«  o/p  ,  direction  parallel 
to  the  wave  front,  [27], 

Fig.  1 1  Micro-voids  in  the  initial  stage  of  failure  localized  in  junctions  of  (he  ot/p  phase,  (28). 
Fig.l2  Micro-crack  peipendicular  to  the  lamellae  direction,  [28], 

Fig  13  Mode  ofMure  for  hard  metallic  materials  with  dX.  and  dY,  segments,  the  lower  part 

shows  the  elementary  cell,  material:  Mars  190,  [1], 

Fig  14  Schematic  evolution  of  the  normal  stress  as  a  function  of  time  during  three  stages  of 
FaUure,  see  also  Table  3,  [1], 
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□  Table  1  : 


N° 

Target  thickness  [mm] 

Flyer  thickness  [mm] 

Ti  2(1)  03 

6 

3 

Ti2(2)03 

6 

3 

Ti  3(2)  03 

8 

4 

Ti  3(3)  03 

8 

4 

Ti  4(2)  03 

10 

6 

Ti  4(3)  03 

16 

6 

Ti  4(4)  03 

16 

6 

Ti  5(1)  03 

16 

8 

Ti  5(3)  03 

20 

8 

Ti  6(1)  03 

20 

10 

Ti  6(2)  03 

20 

10 

□  Table  2 : 


N° 

Loading  time 
[^is] 

Impact  velocity 
[m.s^] 

Spall  stress 
[GPa] 

Damage  level 

Ti  2(1)03 

0.9 

420 

5.58 

No  spall 

Ti  2(2)  03 

0.9 

429 

5.70 

Advanced  spall 

Ti  3(2)  03 

1.3 

460 

6.11 

Complete  spall 

Ti  3(3)  03 

1.3 

391 

5.19 

No  spall 

Ti  4(2)  03 

1.9 

370 

4.91 

Intermediate 

spall 

Ti  4(3)  03 

1.9 

360 

4.78 

Intermediate 

spall 

Ti  4(4)  03 

1.9 

348 

4.62 

Intermediate 

spall 

Ti  5(1)03 

2.66 

340 

4.52 

Intermediate 

spall 

Ti  5(3)  03 

2.66 

322 

4.28 

Intermediate 

spall 

Ti  6(1)03 

3.3 

300 

3.98 

Incipient  spall 

Ti  6(2)  03 

3.3 

291 

3.86 

Incipient  spall 

Table  3 


Trigeering  end  propagation  of  micro-crack 


^  ‘d  ^  ‘max 


tmax=^K+AYj 


F”'^=T(t:)s, 


(IV.13) 
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